Measurements of river and lake water levels from space-borne radar altimeters (past missions include ERS, Envisat, Jason, Topex) are useful for calibration and validation of large-scale hydrological models in poorly gauged river basins. Altimetry data availability over the downstream reaches of the Brahmaputra is excellent (17 high-quality virtual stations from ERS-2, 6 from Topex and 10 from Envisat are available for the Brahmaputra). In this study, altimetry data are used to update a large-scale Budyko-type hydrological model of the Brahmaputra river basin in real time. Altimetry measurements are converted to discharge using rating curves of simulated discharge versus observed altimetry.
INTRODUCTION
Large-scale hydrological models have been developed for the majority of the planet's major river basins. The reported modelling studies have been motivated by two main purposes:
(1) to understand large-scale hydrological dynamics and (2) to support water resources management. Continental to global-scale modelling work for purpose 1 has been driven by the need to represent accurately the land phase of the hydrological cycle in global climate models. Most recent climate models include sophisticated land surface schemes (e.g. GLDAS (Rodell et al. ) and CLM (Oleson et al. ) ), and some of them were coupled to river routing components to simulate river discharge at the global scale (e.g. Nohara et al. ; Qian et al. ) . Continental to global-scale modelling work for purpose 2 has been motivated by the need to produce global water availability and water stress information to promote political and public awareness of global water problems (e.g. WaterGAP; Alcamo et al. ) .
At the river basin scale, the dominant motivation for hydrological modelling studies is decision support to water resources managers. In the context of the integrated water resources management paradigm, it has been widely recognized that water resources management must operate at the scale of the river basin, even if the basin extends over various administrative units or nations. In highly developed and wellmonitored water resources systems, management models typically do not include a rainfall-runoff modelling component. Instead, the models are forced with observed inflows or with stochastic inflow time series, which are generated based on observed runoff statistics. Good examples of such models are the regional information system on water and land resources for the Aral Sea basin (Dukhovny et al.  ) and the CALVIN model used to support water resources management in California (Draper et al. ) .
Many of the world's major river basins are, however, poorly However, in most applications, in-situ water levels or discharges from automatic gauging stations are assimilated.
Published studies assimilating remotely sensed water levels fall into two categories: Assimilation studies using water level maps derived from synthetic aperture radar (SAR) (Coe & Birkett ) . Radar altimeter measurements can be processed in near real time and can complement in-situ river level data in poorly gauged basins.
Depending on the size of the river and the orbit configuration, the accuracy of water levels measured with radar altimeters ranges from better than 10 cm to more than one metre. Assimilation of such data types into river models is similar to the assimilation of in-situ water levels. Significant differences exist in terms of the spatio-temporal resolution of the data.
While in-situ data are typically available from a limited number of observation points at high temporal resolution, radar altimetry data are available from many virtual stations at low temporal resolution (e.g. 35 days for Envisat). The term 'virtual station' refers to an intersection point between the ground track of a satellite carrying the nadir-looking altimeter and a surface water body. However, the low temporal resolution is partly balanced by constant temporal offsets between the different virtual stations, which are due to the satellite orbit configuration. Several studies have evaluated the performance of radar altimetry for specific river systems (e.g. over reservoirs into a basin-scale hydrological model. The present study is one of the first to combine nadir radar altimetry data and a hydrological model into an operational forecasting scheme for large river basins. The study uses a simple heuristic assimilation procedure that does not provide or evaluate forecast uncertainty. However, the results show that a forecast using both the model and the altimetry data outperforms forecasts produced by the model or the altimeter alone.
The Brahmaputra river basin
The Brahmaputra River originates north of the main chain of the Himalayan mountain range and flows east through
Tibet for approximately 1,500 km. The Tibetan portion of the river is known as Yarlung Tsangpo. At the Chinese/ Indian border, in the Indian federal state of Arunachal Pradesh, the river changes its course to westbound and crosses the border between India and Bangladesh before merging with the Ganges into the Meghna and flowing into the Bay of Bengal (Figure 1 ). In Bangladesh, the river is known as the Jamuna River.
A number of previous modelling efforts have been reported for the Brahmaputra and Ganges river systems. The main motivation for hydrological modelling in the region is to improve the prediction of flood waves in the rivers, which are a significant threat to life, property and infrastructure in the affected regions.
MATERIALS AND METHODS

Hydrological modelling approach
The hydrological model consists of a snow storage compartment, a rainfall-runoff compartment and a river flow 
Snow melt modelling
Snow accumulation and melt processes were implemented using a simple temperature index method (Hock ). Precipitation falls as snow if the air temperature is below the threshold of 0 W C. Each sub-catchment is divided into 10 elevation zones and the air temperature is computed for each elevation zone using a temperature lapse rate of 5 degrees per kilometre. The precipitation is corrected for elevation using a constant precipitation lapse rate of , which results in a runoff coefficient of the downstream portion equal to 1.11. This clearly is an unreasonable runoff coefficient and the precipitation in the downstream portion of the basin was multiplied by a factor of 1.7 to achieve similar runoff coefficients as in the upstream part of the river basin. The bias of the precipitation product in the downstream portions of the basin might be due to strong topographic gradients and orographic lifting of air masses during the monsoon, which may not be captured sufficiently accurately by the TMPA products in the Brahmaputra river basin. This ad-hoc bias correction procedure is debatable and may be changed if more hydroclimatological data become available. It is considered acceptable here because this paper focuses on operational discharge forecasting and not on understanding regional hydrological processes. In-situ river gauge data
In-situ river discharge data are extremely hard to obtain for the Brahmaputra. and global radar altimetry data availability is documented on the River and Lake webpage at earth.esa.int/riverandlake. In order to check quality and consistency of the radar altimetry dataset, the kinematic wave travel times (delay times) between the various upstream altimetry targets and the in-situ gauging station Bahadurabad on the Brahmaputra were determined using the following procedure: the correlation between the water levels from the virtual station and the in-situ station is: Confidence intervals on the determined t delay are derived as follows:
Here, t delay,l is the lower bound of the confidence interval, t delay,u is the upper bound of the confidence interval, CC max is the maximum achieved correlation and t delay, max is the delay for maximum correlation. The free parameter a was chosen as a ¼ -0.005 in this study. The derived confidence intervals do not represent a given probability, but are useful to compare the reliability of the fitted values of t delay at the different sites. The delay times could only be determined for the Topex and ERS-2 targets because the temporal overlap between the available in-situ water level records and the Envisat altimetry time series was too short.
Data assimilation
A simple heuristic assimilation strategy was developed. In the assimilation procedure, river discharge in the river segment corresponding to the assimilated altimetry target is updated. The internal states of the rainfall-runoff model (root zone storage, groundwater storage) are not updated.
The assimilation procedure has three steps:
1. The calibrated model is executed and historical altimetry levels are plotted against simulated discharge on matching days for all altimetry targets. Subsequently, a power law of the form
is fitted to the plot, using a least-squares adjustment. In this formula, Q is the river discharge in m 3 s -1 , h is the altimetry water level in mamsl and a, b, c are fitting parameters. This rating curve is applied in the assimilation to convert altimetry water levels into altimetry-derived discharge. The underlying assumption is that the simulated river discharge is uncertain, but unbiased. The mean model error for the calibration period was þ4% at Nuxia, -33% at Nugesha and -10.5% at Bahadurabad.
Model bias is thus small, particularly for the downstream region, where all the radar altimetry targets are located.
The model is run in near real-time mode at daily time steps.
Whenever an altimetry reading is available for any of the assimilated radar altimetry targets, the corresponding rating curve is used to convert the reading into a discharge estimate. The discharge in the corresponding river segment of the model is updated using the following equation:
In this formula, Q ass is the analysed discharge, Q sim is the simulated discharge prior to assimilation, Q alt is the discharge estimate based on altimetry and G is a gain factor ranging from 0 to 1.
3. The innovation G Q alt À Q sim ð Þis added to the simulated discharge at the river node representing the altimetry target. All updating terms are propagated to the next time step but are discounted in each time step using a constant discount factor δ, which was set to 0.975 per time step, using daily time steps. This value of the discount factor was found by trial-and-error adjustment, maximizing the Nash-Sutcliffe model efficiency. 
RESULTS
Radar altimetry findings
where Q is the river discharge and A is the flow crosssectional area.
Model calibration and validation results
The total model simulation period extends from 2000 to 2010.
However Table 3 . Root mean square errors are 42% of average discharge at Nuxia and 43% of average discharge at Table 1 ). Bahadurabad. Nash-Sutcliffe model efficiency ranges from 0.61 at Nugesha to 0.78 at Bahadurabad.
Data assimilation results
For the validation period (2008) (2009) (2010) , model performance using various gain factors G (Equation (4) were used to establish pseudo-rating curves of simulated discharge versus altimetry levels ( Figure 6 ). Note that the radar altimetry data from the validation period were not used in the determination of the rating curves. This was done in order to simulate operation of the model for real-time forecasting. Generally, the rating curves are consistent and the fitted parameters of the power law (Equation (3) (Table 1) . This implies that during the simulation period readings from at least one of the targets are available at intervals of a few days (minimum interval: 3 days, mean interval: 4.9 days, maximum interval:
13 days), which greatly augments the utility of radar were updated in the data assimilation scheme and not only the discharges in the river network.
The presented modelling and data assimilation approach is useful as a first screening approach for large-scale river basins. The required amount of in-situ information is minimal. The model can be expanded to cover all major river basins of the world. The assimilation approach used in this study is purely heuristic. The advantages are as follows:
• Any number of altimetry targets can be efficiently assimilated into the model without increasing run-times excessively. Expensive ensemble calculations as required for the EnKF are avoided.
• The pseudo-rating curves used to convert altimetry readings into simulated discharge can be continuously updated, as more altimetry data become available.
The disadvantages are as follows:
• If the calibrated model produces biased discharge estimates that show correlated error structures, the pseudorating curve approach will fail. Such errors will not be mitigated by the assimilation of altimetry data. An alternative approach would be to generate rating curves based on in-situ river geometry and sparse historical discharge observations only. Such approaches have been presented in the literature and could be a promising avenue for further research (Bjerklie et al. ).
• The assimilation scheme produces discharge estimates based on both model simulation and altimetry data but does not quantify their uncertainty.
In the approach presented here, the discharge correction term (innovation) is added to only one river node, corresponding to the location of the radar altimetry target.
However, due to the fact that river discharge is correlated in space, river discharge at neighbouring river nodes could be updated as well. More sophisticated data assimilation algorithms, such as the EnKF, make use of the correlation This work has demonstrated the availability and quality of radar altimetry water level time series over the Brahmaputra River. A river basin modelling and data assimilation approach has been developed that enables the direct use of radar altimetry data for real-time modelling and hydrological forecasting. Model efficiency increased considerably due to the assimilation of multiple radar altimetry targets.
